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H ratios are widely used as a proxy in climate reconstruction. Although the broad nature of the relationship between n-alkanes δ 2 H values and climate is appreciated, the quantitative details of the proxy remain elusive. To examine these details under natural environmental conditions, we studied a riparian broadleaf angiosperm species, Populus angustifolia, growing on water with a constant δ 2 H value and monitored the δ 2 H values of leaf-wax n-alkanes and of stem, leaf, stream, and atmospheric waters throughout the entire growing season. Here we found the δ 2 H values of leaf-wax n-alkanes recorded only a 2-wk period during leaf flush and did not vary for the 19 weeks thereafter when leaves remained active. We found δ 2 H values of leaf-wax n-alkanes of P. angustifolia record conditions earlier in the season rather than fully integrating the entire growing season. Using these data, we modeled precipitation δ 2 H values during the time of wax synthesis. We observed that the isotope ratios of this precipitation generally were 2 H-enriched compared with mean annual precipitation. This model provides a mechanistic basis of the often-observed 2 H-enrichment from the expected fractionation values in studies of broadleaf angiosperm leaf-wax δ 2 H. In addition, these findings may have implications for the spatial and temporal uses of n-alkane δ 2 H values in paleoapplications; when both plant community and growth form are known, this study allows the isolation of the precipitation dynamics of individual periods of the growing season.
biomarkers | compound-specific isotope analysis | geographic information system | isoscape | stable isotopes S table isotopes serve as tracers and integrators of both environmental and physiological signals within plant materials. Terrestrial plant leaf waxes (i.e., n-alkanes, n-acids, and others) and their isotope ratios have attracted much interest as a higher plant-specific biomarker for paleoclimate reconstruction (1), because these compounds are easily identified and isolated from a variety of geologic materials and are relatively robust to geologic alteration (2) . The environmental information recorded in hydrogen isotope ratios of leaf waxes have become a prevalent proxy to reconstruct ancient climates (3) (4) (5) , mountain building events (6, 7) , and floral transitions (8) . However, critical questions related to the interpretation of ancient higher plant biomarkers remain unanswered, especially with respect to the extent of the leaf life cycle recorded by this proxy.
Environmental and climate transect studies have shown that δ 2 H values of higher plant n-alkanes and environmental waters are correlated (9, 10) , but temporal observations of δ 2 H values of n-alkanes have produced conflicting data on the nature of this relationship (11) (12) (13) (14) (15) that require clarification to elucidate how δ 2 H values of ancient n-alkanes can be interpreted. To reconcile these issues and to provide the critical constraints for climate reconstructions using δ 2 H values of n-alkanes, carefully designed and controlled biologic experiments are needed that consider plant physiology and phenology (1) . In addition, biological experiments also must take into account how leaf-wax n-alkanes are mixed and transported into geologic materials and become climate archives. The issue then becomes how to make highly controlled greenhouse experiments comparable to natural ecosystem experiments, where environmental parameters are less defined, and then how to expand these results to geologic settings where very little information about a plant's environment is known.
To combine the control of a greenhouse experiment with the natural variability of ecosystem trials, we studied a common, riparian broadleaf angiosperm species, Populus angustifolia, in its native environment (Big Cottonwood Canyon, UT) exposed to soil water with a naturally constant isotope ratio. H atmo ) waters throughout the growing season from the bud phase to leaf senescence. In this study, we addressed when leaf waxes of broadleaf angiosperms are formed and if and how δ 2 H values of modern deciduous tree leaf-wax n-alkanes vary after the time of wax synthesis. We then expanded our findings to larger regional scales to provide a framework to interpret other modern ecosystem δ 2 H n-alkane data. This experiment on plants living in an environment with a naturally constant water source but with dynamic humidity through the growing season informs the interpretation of modern and ancient n-alkane δ 2 H datasets.
Results

We found δ
2 H values of stream water did not change (−130 ± 1‰; all SDs are reported at 1σ) throughout the study interval (Fig. 1) . Earlier Roden and Ehleringer (16) (Fig. 1 ). This variation likely reflected different air masses and atmospheric conditions in the region, because all atmospheric water samples fall on the Global Meteoric Water Line (Fig. 2) .
To reduce sun/shade variations and to focus on whole plantwater-wax interactions throughout the 2010 season, we homogenized leaves into a single sample from the four cardinal points around the tree, taking particular care to sample only mature leaves from the initial leaf flush. Bud break occurred shortly after day 146, with leaf expansion occurring between days 153 and 161 (Fig. 3) . Leaf-water δ became more 2 H-depleted, and after expansion δ 2 H values remained steady through the remainder of the study interval (Fig.  1 ). This pattern in stem-water δ 2 H values has been observed previously in species common to the Intermountain West of the United States (17) and has been explained as increased transpirational flux during bud swelling and leaf flush as residual xylem water from the previous growing season is incorporated. Throughout the previous winter this residual xylem water can be subjected to evaporation that can enrich the xylem water significantly in 2 H (17). Although this pattern of 2 H enrichment of xylem water in winter is common in the arid western United States (17), regions with milder and more humid winters may not be affected as significantly. Nonetheless, this phenomenon may influence the δ 2 H values of stem water during the period of leaf flush and thus may influence leaf-wax δ 2 H values during this interval. Bud and leaf-wax n-alkanes were extracted from three mature P. angustifolia individuals located on the stream edge and were found to be composed predominately of n-C 27 and n-C 29 (Fig. 3A) . In all individuals, the average chain length changed systematically from 27.4 ± 0.2 to 28.8 ± 0.1, corresponding with changes from bud to leaf-flush and finally to leaf-expansion phases (Fig. 3B) . After the initial development of leaf wax, the concentrations of n-C 27 and n-C 29 n-alkanes decreased and then stabilized for the remainder of the growing season. From bud to leaf, the δ 2 H values of n-C 27 and n-C 29 from the individual trees changed from −268 ± 4‰ and −268 ± 8‰, respectively, to −216 ± 8‰ and −215 ± 8‰, respectively, (Fig. 3C ).
Discussion
Wax Distributions and Isotope Ratios Reflect Leaf-Expansion Phase.
We found distinct patterns in the n-alkane distributions and δ 2 H values of field-grown P. angustifolia leaf waxes during specific phenologic intervals. In particular, we found a distinct n-alkane distribution and δ 2 H value during the bud and leaf-expansion phases and a molecular and isotopic transition between these phases during the leaf-flush period. Although we observed a general coherence between n-alkane distribution and δ 2 H variations, we noted subtle differences in timing of the initiation of these variations (Fig. 3) . Specifically, we found the concentration of n-C 29 and the average chain length of P. angustifolia leaf-wax n-alkanes began to increase after day 146, during the leaf-flush interval ( Fig. 3 A and B) . In comparison, Fig. 2C shows that δ 2 H values of these same n-alkanes become more 2 H-enriched after day 123, more than 3 wk before the beginning of the leaf-flush interval and the wax-development period. Furthermore, the δ 2 H values of the n-alkanes reached their most 2 H-enriched and steady δ 2 H value before the increase in the concentration of n-C 29 and in the average chain length. These differences in timing indicate that before wax development on the leaf surface, new waxes are synthesized in or on the bud before bud break and leaf flush and that these new bud waxes have an isotope ratio very similar to the waxes that are deposited on the leaf surface at leaf flush. These data suggest that the bud waxes are produced near the end of the previous growing season with stem water and are carried over the winter. Here in P. angustifolia, new leaf-wax n-alkanes are produced during the bud-swelling phase of leaf development, preceding bud break. During bud swelling, new waxes are produced in limited amounts with the influx of water and stored sugars.
Nonetheless, we found that, after the leaf expanded, leaf-wax n-alkane distributions and δ 2 H values of field-grown P. angustifolia trees did not vary further, even though changes in leaf water occurred in response to changes in the environment. Specifically, n-C 27 and n-C 29 δ (Fig. 1 ). Although the δ 2 H values of stem water remain constant, it can be ruled out as the direct H-source, because isotope-tracer experiments have shown that the hydrogen isotope ratios of leaf waxes derive from leaf-water pools (15) . Furthermore, the hydrogen isotope ratios of leaf water vary throughout the growing season (Fig. 1) , and thus we would have expected leaf-wax δ 2 H values to vary if waxes were produced continually from leaf-water H-sources after leaf expansion. We did not observe this pattern, and these data suggest that P. angustifolia leaf waxes are not reworked once they are developed, or, if they are reworked, that the isotope ratios are not altered significantly (Fig. 3C) . These data indicate that the interval during which the leaf flushes and waxes develop is the only period throughout the growing season when environmental conditions can affect leaf-wax δ 2 H values (Fig. 3) . During this interval, leaf water and resulting leaf waxes would be subject to the effects of humidity and atmospheric water vapor, as suggested by previous workers (11, 13) , and should be related to these parameters. Nonetheless, the net biosynthetic fractionation (e) between leaf water and n-C 27 and n-C 29 n-alkanes was −123 ± 14‰, consistent with previous estimates (18) . Also, we found the calculated apparent fractionation between the δ H values, in contrast to previous suggestions (13) . Together these data suggest that the δ 2 H values of P. angustifolia n-alkane leaf waxes record only a finite period during the early growing season and do not record variations in local climate either before or after the development of leaf wax.
In Deciduous Species δ
H Values Reflect Plant Environment only at the
Time of Wax Synthesis. At the ecosystem level, plant communities can be composed of species with various growth habits (i.e., herb, grass, shrub, tree) or dominated largely by a single growth form. Although different growth forms may have distinct phenological characteristics, leaf development and wax formation can be characterized into two categories: continuous and finite growth. Grasses have intercalary meristems that allow continuous leafblade expansion and wax development throughout the day and lifetime of the leaf. Both controlled greenhouse experiments (14) and field experiments (19, 20) support that the idea that the δ 2 H n-alkane values of grass leaf-wax n-alkanes reflect a continuous growth process. These studies show that the δ 2 H n-alkane values of grasses vary with the δ 2 H values of source and leaf water (14, 19, 20) . This pattern supports the hypothesis that the δ 2 H n-alkane values of grass leaf waxes reflect the leaf-water environment during leaf expansion.
In contrast to grasses, broadleaf deciduous species form leaf cuticle during the brief period of leaf expansion, which may last 5-20 d, with the majority of leaf-wax formation subsiding after leaf expansion (21) (22) (23) (24) (25) . Botanical information predicts and multiple empirical studies support the notion that isotope ratios of leaf waxes in trees, shrubs, and herbs remain relatively constant throughout the lifetime of a leaf. Both greenhouse (15, 26) and field (12) experiments support the hypothesis that δ 2 H n-alkane values of tree leaf waxes develop by a determinate process. Our findings support these previous studies, because we find that the interval during which the leaf flushes and waxes develop is the only period when the external environment affects the δ 2 H values of leaf waxes. Nonetheless, studies indicate that cuticular waxes of broadleaf angiosperms (27) and their δ 2 H n-alkane values may vary during a growing season (13, 28, 29) . In these latter cases, the variation often is explained as reflecting short-term changes in the isotopic composition of leaf water and soil water. Although it is clear that some angiosperm and gymnosperm species may rework leaf waxes under specific environmental stresses (26, 30) , the isotopic variations observed in previous naturally grown deciduous angiosperm datasets also could have been caused by mixed sampling of mature and secondary lammas leaves. Also discrepancies between previous datasets and this work may be a function of sampling a combination of sun and shade leaves as well as sampling a variety of trees tapping different soil water sources.
Although this study focused on a single deciduous species, P. angustifolia shares the leaf phenologic characteristics of other woody temperate species throughout North America; that is, leaf flush occurs primarily early in the growing season (31, 32) . When scaled to an ecosystem level, these data suggest that the environmental signal in δ 2 H values from deciduous species leaf waxes would be weighted toward the early growing season and would record environmental conditions only during that time. For deciduous species in different biomes, the growing season may be quite different. Consider, for example, vegetation in tropical monsoonal climates, which flush as precipitation arrives once or twice a year, or in a seasonal tropical rainforest that receives precipitation throughout the year (31) . Thus, we surmise that δ 2 H records of deciduous leaf waxes from contrasting biomes may record the leaf-water environment in very different seasonal phases of the annual water cycle.
Nonetheless, in this case, as with most midlatitude broadleaf angiosperms, leaf-wax formation occurs in the early spring and thus reflects the leaf-water environment of that period. Here we construct a δ 2 H isotopic landscape model (an isoscape) that expresses the δ 2 H value of precipitation that falls during the month following the last frost (Fig. 4B) . Because bud break and leaf-wax development of broadleaf angiosperms typically occurs only after the last frost, this biologically defined model provides a base layer for comparing leaf-wax δ 2 H records extracted from modern deciduous plants. Although we predict that δ 2 H values of precipitation will display a geospatial pattern similar to the mean annual δ 2 H values, we find the precipitation that falls during the month of the last freeze, when we determined that plant synthesize leaf waxes, is more 2 H-enriched than the mean annual δ 2 H value throughout the majority of the United States (red regions in Fig. 4C ).
Differences in modeled precipitation δ 2 H values are not unexpected; however, mean annual precipitation δ 2 H values are used commonly to model leaf-wax δ 2 H values from plants (19, (33) (34) (35) and sediments (9, 36) . Often when mean annual precipitation δ 2 H values are used to calculate the apparent fractionation between the δ 2 H values of leaf wax and source waters, the resulting fractionation is smaller than expected (i.e., leaf waxes are more enriched in 2 H than predicted). These studies place significant interpretation on variations in plant form and seasonal relative humidity that require the changes in the δ 2 H value of leaf water to explain these fractionations. Although certainly it is true that in some cases humidity affects leaf-water (37-41) and leaf-wax δ 2 H values at the time of synthesis (11, 13) , the disconnect between precipitation δ 2 H values and botanical studies of leaf-wax δ 2 H values also may be explained, in part, by the timing of wax synthesis. These precipitation isoscape models indicate that variations in humidity and leaf-water δ H values varied by nearly 70‰ at a single locality in Massachusetts, with C 3 grasses more depleted in 2 H than other functional types (i.e., trees, herbs, and shrubs). In this case, differences in physiology between C 3 dicots and monocots were suggested to be the controlling factor of apparent fractionation. In a recent review, Sachse et al. (1) found similar relationships across a much larger dataset and suggested that rooting depth, leaf architecture, H values in different plant biomes are related to the interval of wax development. As we have shown here, the δ 2 H values of deciduous angiosperms leaf waxes reflect a leaf-water environment only in the early phases of the growing season. Although sedimentary n-alkane δ 2 H records represent a long-term, catchmentintegrated average of environmental signals, we predict that in biomes and catchments dominated by deciduous broadleaf angiosperms with a single leaf flush, climate signals within sedimentary leaf-wax records will be weighted toward the water environment at the time of leaf flush. However, it is likely that sedimentary leaf-wax δ 2 H records derived from vegetation in some biomes (e.g., grasslands, rainforests) would not be subject to these constraints and would record seasonal climatic signals. Thus, these data suggest that, if nature of the plant community is constrained in sedimentary records, then leaf-wax δ 2 H signals can be isolated to individual periods of the growth seasons.
Materials and Methods
Three narrowleaf cottonwood (P. angustifolia) individuals were sampled from a riparian environment within Big Cottonwood Canyon, UT (40.633°N, 111.723°W; 1,892 m above sea level). Throughout the 2010 season, stem and leaf samples were collected from the same individual plants. Two leaf aliquots, one sample for water extraction and the other for lipid extraction, were collected from the four cardinal points of the tree. Four or five leaves were collected for leaf-water analysis and were stored in 4-mL baked-glass vials. Stem samples were collected from the first branch point from the tree trunk and were stored in 4-mL baked-glass vials. All leaf-and stem-water sample vials were sealed with Parafilm (Pechiney Plastic Packaging Company) and stored in the freezer until the time of processing. Four to eight leaves were collected for leaf-lipid analysis and were stored in paper coin envelopes. Leaf-lipid samples were dried immediately for 48 h in a 50°C oven upon return to the laboratory. We collected atmospheric water vapor using a custom cryo-trap. Atmospheric vapor from 3 m above ground level was pumped into a glass cold trap submerged in dry ice/ethanol slurry. After 1 h, the frozen vapor was thawed and transferred to a 4-mL baked-glass vial, sealed with Parafilm, and stored in the freezer until the time of processing.
Stem and leaf waters were extracted using a cryogenic vacuum waterextraction method, followed by the addition of activated charcoal to remove water-soluble organic compounds following West et al. (44 Leaf-wax lipids were extracted from leaves, and hydrocarbons were isolated following Pedentchouk et al. (12) . Compounds were identified and abundance was quantified using a GC-MS with a fused silica, DB-5 phase column with helium as the carrier, at a flow of 1.5 mL/min. The GC oven temperature program used was 60-320°C at 15°C/min with an isothermal for 30 min. Compounds were identified by comparing elution times with n-alkane standards. Compound concentrations were quantified using a fourpoint calibration curve generated from authentic reference materials. Average chain length is defined as the average area-weighted chain length of higher plant n-alkanes from n-C 23 through n-C 33 .
Compound-specific isotope analyses were performed using a Thermo Trace 2000 GC (Thermo Scientific) coupled to a Finnigan Delta V isotope ratio mass spectrometer interfaced with a high-temperature conversion system. The H 3 + factor, determined daily during these analyses, before standard calibration and sample analysis was 2.42 ± 0.25 (1σ, n = 43). All compoundspecific δ 2 H values are expressed relative to the VSMOW scale. Individual n-alkane isotope ratios were corrected to primary in-house n-alkane reference materials that previously had been calibrated to the VSMOW scale and were analyzed daily at several concentrations [n-C 18 (−70‰), n-C 20 (−54‰), n-C 22 (−39‰), n-C 24 (−36‰), n-C 28 (−250‰), and n-C 32 (−236‰)]. The accuracy for compound-specific measurements was ± 3‰ (1σ, n = 165) as determined from a secondary quality-control n-alkane reference material [n-C 36 (−240 ‰)]. Apparent fractionation (e) is defined as [R lipid /R water − 1], where R represents the 2 H/ 1 H abundance ratio, and R lipid and R water are the ratios in the n-alkane and water, respectively.
Statistical analysis was completed using Prism 5.0c for Mac OS X. The isotope data for all measurements (n-C 27 , n = 116; n-C 29 , n = 160) from a given sampling day (n = 15) were compared using one-way ANOVA and a Tukey-Kramer HSD post hoc test to identify differences at α = 0.001. Basic descriptive statistics for all compounds and sampling days are provided in Tables S1 and S2. Monthly precipitation δ 2 H values were estimated using a raster dataset downloaded from www.waterisotopes.org (45) . Raster datasets of the last freeze month were downloaded from the National Climatic Data Center's Climate Maps of the United States (http://hurricane.ncdc.noaa.gov/cgi-bin/ climaps/climaps.pl). The monthly precipitation and temperature data layers were imported into ArcGIS 9.3 and intersected. Individual precipitation δ 2 H values for the last freeze month then were merged into a single raster dataset.
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